The central Tibetan Plateau contains numerous lakes, the largest and deepest of which is Nam Co. Heat and water budgets over Nam Co were estimated throughout the year. Latent and sensible heat fluxes from the lake are very small from spring to summer and larger from fall to early-winter. Although the land surface over the Tibetan Plateau supplies heat energy to the atmosphere during the premonsoon and monsoon periods, a deep lake such as Nam Co releases a large amount of heat in the post-monsoon period. Annual evaporation from the lake was 658 mm, much larger than the annual rainfall of 415 mm and also more than two times the annual evaporation from the land surface. The diurnal variation of surface air temperature difference over the lake showed a reverse phase of that over land in the monsoon period, a condition that likely affects the convective activity over the lake.
Introduction
The Tibetan Plateau is an outstanding topographic feature in the middle of the Eurasian continent that influences global and regional climate. From spring to summer, the Tibetan Plateau acts as a strong and elevated heat source for atmosphere and plays significant roles in forming the Asian summer monsoon (Luo and Yanai 1984; Yanai et al. 1992; Li and Yanai 1996) . In contrast, during winter, the plateau acts as a heat sink (Yanai et al. 1992; Li and Yanai 1996) . The heat and water circulations over the Tibetan Plateau are also important for the water resources in the Asian monsoon region, as most of the region's largest rivers (e.g., the Mekong, Brahmaputra, Chang Jiang, and Yellow River) originate from the Tibetan Plateau. Xu and Haginoya (2001) and Xu et al. (2005a) estimated heat and water budgets of the land soil surface over the Tibetan Plateau using routine meteorological data. Their results demonstrated that sensible heat flux (H) supplied from the land surface to the atmosphere increases in the spring pre-monsoon season, whereas latent heat flux (lE) becomes larger in the monsoon period. The annual Bowen ratio (H/lE) is lower in the eastern area of the Tibetan Plateau. These results are also consistent with those of atmospheric heat and moisture budgets (e.g., Luo and Yanai 1984; Yanai et al. 1992; Li and Yanai 1996; Ueda et al. 2003) .
The Tibetan Plateau contains numerous lakes covering a total area of 44,993.3 km 2 , including more than 1091 lakes with individual areas greater than 1.0 km 2 (Xu et al. 2009 ). These lakes may influence not only the heat and water circulations over the Tibetan Plateau but also the water resources of Asian monsoon areas. Xu et al. (2009) recently found that the amount of evaporation and its long-term change over Yamdrok Yumtso (one of the three largest lakes of the central Tibetan Plateau) are quite different from those over the land surface during the monsoon period. Despite the importance of the existence of numerous lakes on the Tibetan Plateau, we have little information on their heat and water budgets. Large heat storage by a lake can influence the diurnal variation of heat and water budgets. Notable diurnal variation of convective activity has been found over the Tibetan Plateau (e.g., Kurosaki and Kimura 2002; Fujimami et al. 2005) . During the monsoon period, the large amount of sensible and latent heat released from heated land surfaces during daytime can act as a trigger of the convection that develops from afternoon until evening (e.g., Kuwagata et al. 2001; Fujinami and Yasunari 2001) . The existence of many lakes may affect the convective activity over the Tibetan Plateau.
In this study, we estimated the heat and water budgets over Nam Co (the largest and deepest lake of the central Tibetan Plateau) throughout the year, using heat-balance equations (HBE). To validate the results, the lake surface temperature and frozen period calculated by the HBE were compared with both ground-and satellite-based observations. We then examined the characteristics of the heat and water budgets over the lake compared to those over the land surface.
Data
Nam Co is located in the central Tibetan Plateau at approximately 4718 m above MSL (Fig. 1) . The lake has an area of 1980 km 2 , which has expanded over the past three decades (Wu and Zhu 2008) . The maximum depth is more than 95 m, and the water level has also risen in the three recent decades (Wang et al. 2009 ). An automatic weather station (AWS) has been operated near the Nam Co lakeside since September, 2005 by the Nam Co Monitoring and Research Station for Multisphere, (site A in Fig. 1 (Zhang et al. 2008) . The daily meteorological data of the AWS (pressure, wind speed, temperature, humidity, global solar radiation, and precipitation) were used to estimate heat and water budgets of the lake. The surface water temperature was measured at the lakeshore (water depth = 1 m) every day at 18:00 local time (LT), and the vertical profile of the water temperature was measured in the central part of the lake in summer (Wang et al. 2009 ). The date of freeze events, namely the date of the first ice appearance, the date when ice first covers the whole lake, and the ice-break date were manually observed from the lakeside.
We also used satellite observation data, which consist of land surface temperature (LST, including lake surface) data, albedo data, and global solar radiation data. The first two types of data were distributed by the Land Processes 
Analysis method
The freezing rate of Nam Co was estimated as the ratio of the number of pixels of LST less than 0°C to the total number of available pixels when the cloud amount over the lake was less than 8.
Because LST was only observed under fine weather conditions, the daytime LST values tend to be higher than those under cloudy conditions and during nighttime would be lower, especially over land. This bias will be offset if the daily mean surface temperature is calculated by averaging four LST observations per day. Because the amplitude of the diurnal variation of LST over the lake is small, estimation error for this definition could be small. The LST near the lakeshore of Nam Co was fairly consistent with observed lake surface temperature, with a correlation coefficient of 0.808 and root mean-square error (RMSE) of 3.2°C. The LST over the land surface was estimated in the region enclosed by red lines in Fig. 1 .
Daily global solar radiation data measured at lakeside and by satellite were corrected using the rule that those must not exceed a theoretical value for fine weather (Xu and Haginoya 2001) . Downward longwave radiation was estimated from an empirical formula using global solar radiation (Xu and Haginoya 2001) .
The heat budget of the lake was calculated from the HBE for a single mixed layer in the non-freezing period (Xu et al. 2009 ). As the lake is several tens of kilometers in size, we used a bulk transfer coefficient for sea surface (Kondo 1975) . For the freezing period, the latent heat of freezing and melting was considered when the water temperature reached 0°C; the ice layer then maintained a temperature of 0°C until the depth of the frozen layer reached a maximum freezing depth. After reaching the maximum freezing depth, the temperature of the ice layer was changed uniformly to satisfy the heat balance equation. The maximum freezing depth was assumed to be 0.6 m based on field observations. Albedo was set as = max [ s, 0.06], where s is the albedo observed by satellite, and 0.06 is the average value for the water surface (Payne 1972) . Details are referred to in the Supplement 1. Figure 2a shows the surface water temperature calculated from the HBE and LST observed by satellite. The field observations suggested that the mixed layer depth could be d = 25 30 m in the HBE (Wang et al. 2009 ). In the case of d = 30 m, the RMSE from the satellite observation (using the data for cloud amount 3) was minimized. The result for d = 30 m is presented in the following analysis. The variation in annual evaporation E was only ± 3% if the mixed layer depth d changed by -/+ 10 m. Figure 2b shows the time series of freezing rate obtained by satellite data and the calculated depth of the ice layer. The freezing period calculated by the HBE is consistent with that based on the satellite data. That is, the freezing rate suddenly began to increase when the ice layer started growing, and mostly kept 1.0 when the depth of ice layer had maximum value (0.6 m). It began to decrease when the ice layer started melting. The two observed event dates ( and in Fig. 2b ) are also consistent with the calculation. Table 1 summarizes the heat and water budgets at Nam Co. Albedo was greater than 0.06 from January to March because the lake was frozen. The magnitude of the monthly mean heat storage (G) of the lake was the same order as net radiation (Rn), which caused a phase shift of the seasonal changes in the water temperature and sensible and latent heat fluxes. This is a significant characteristic of deep lakes that is not found in a shallow lake (Xu et al. 2009 ). The annual evaporation E from Nam Co was 658 mm. This value is much greater than the annual rainfall of 415 mm. According to the sensitivity analysis, the variation in annual evaporation E was within ± 6% if U changed by ± 1 m s 1 and RH -/+ 5%. The annual potential evaporation Ep was 1059 mm, and thus E/Ep = 0.62. This value is slightly smaller than values of approximately 0.7 reported for shallow lakes in Japan (Kondo 2000) . Figure 3a shows the seasonal variation of the surface air temperature differences for the lake and land. A large contrast in temperature was found between the lake and land. The surface air temperature difference for the land was the largest in the pre-monsoon (March to May) due to strong solar radiation and dry soil conditions, and it became smaller with increasing soil moisture due to rainfall in the monsoon season. A secondary small peak occurred in October, owing to reduced soil moisture and fine weather conditions. In contrast, the surface air temperature difference over the lake was nearly zero from late winter to the mid-monsoon period (February to July), but the maximum difference appeared in fall to winter (September to January). Figure 3b shows the seasonal variation of the sensible (H) and latent (lE) heat fluxes over Nam Co estimated by the HBE. The air land heat budget at Baingoin, calculated by a bare soil model (Xu et al. 2005a) , is also shown for comparison. The sensible heat flux over Nam Co was almost zero from February to July but became larger from October to January. Sensible heat flux at Baingoin reached a maximum in May. These results are consistent with the differences in surface air temperature (Fig. 3a) . Unlike Fig.  3a, Fig. 3b shows no secondary peak in October due to differences in the observation year and site; Baingoin is located north of the area where land surface temperature was analyzed (Fig. 1) .
Results and discussion

Water temperature and freezing period
Heat budget of the lake
Seasonal change of the heat budget over land/lake surface
The latent heat flux over the lake shows the same seasonal variation pattern of sensible heat flux; a maximum of 120 W m 2 occurred in October and November, with values less than 20 W m 2 from February to July. The latent (Xu et al. 2005b) , Pr: precipitation. Ts < 0°C from January to April which correspond to italic and underlined numbers in the column of Ts Ta. heat flux at Baingoin was large in the monsoon season (from June to September) but less than 20 W m 2 from November to May. The annual evaporation from Nam Co is more than two times the value at Baingoin (Xu et al. 2005a) .
The above results (Figs. 3a, 3b) indicate that the land surface acts as a strong heat source from spring to summer on the Tibetan Plateau; sensible heat flux is dominant during the pre-monsoon period, but latent heat flux becomes dominant during the monsoon period. On the other hand, the lake surface of Nam Co acts as a strong heat source during the post-monsoon period (September to January). Furthermore, the magnitude of the sum of sensible and latent heat fluxes over the lake in early winter is larger than that in the summer over the land surface. The above feature in the heat budget at Nam Co is very surprising and is a new finding of this study. The heat storage effect of the deep lake (i.e., large value of G) plays an important role in this feature (Yamamoto and Kondo 1964) .
4.4 Diurnal variation of land/lake surface temperature Figure 3c shows the diurnal variation of air and land/ lake surface temperatures averaged for 13 cloudless days during the monsoon period. The temperature of the lake surface had almost no diurnal variation owing to the large heat storage of the lake, whereas that of the land showed large diurnal change. The land surface temperature became higher than the air temperature during daytime, acting as a trigger of the convection that developed in the afternoon. Although the surface temperature over the lake was a little lower than the air temperature during daytime, the lake surface was warmer than the air during nighttime. A recent study of the Tibetan Plateau suggested that convective activity over the land surface becomes stronger from afternoon until evening, whereas convection over a lake is active from night until dawn (Singh and Nakamura 2009) . Those findings support our results.
Conclusions
1) The latent and sensible heat supplied from the lake to the air, which is remarkably different from that supplied from the land surface, is very small during the pre-monsoon and mid-monsoon periods (February to July) but larger from September to January (maximum in November). A deep lake such as Nam Co can supply a large amount of heat energy to the atmosphere in the post-monsoon period, from fall to early winter.
2) Annual evaporation (water vapor flux) from the lake to the atmosphere was as high as 658 mm. This is more than two times the annual evaporation from the land surface, and also much larger than the annual rainfall of 415 mm. The annual run-off from the catchment area of the Nam Co basin is roughly estimated as 243 mm (= 658 415 mm).
3) The diurnal variation of surface air temperature difference over the lake has a reverse phase of that over the land in the monsoon period. At night, the lake surface was warmer than the air, a condition that likely affects the diurnal variation of convective activity. This is the first estimation of heat and water budgets over a lake of the Tibetan Plateau throughout the year. As shown in the present study, heat and water exchanges over the studied lake have unique features that likely play important roles in heat and water circulations over the Tibetan Plateau. Further studies are necessary to understand the effect of lakes over the Tibetan Plateau.
